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VIBRATION TESTING

ADVANCES IN NUMEROLOGY

J. P. Salier
Royal Armaments Rescarch and Developmer.t Establishment
Fort Halstead, Sevenoaks, Kent, England

The fundamental basis of vibrutiun testing 1s discussed, with particular
emphasis on the arbitrary and misleading nature of specificaticns, the
difficulty of generating and measuring test forces, and the errors result-
ing from an attempt to attain consistency. The realities of shock and
vibrativn are untidy, complex, and incommensurable. In the author's
view the attempt to use precise, defined numerical values to represent
these realities is itseif unrealistic,
pirical techniques is urped, and two simple examples are given.

The use of simpler and more em-

It is an easy and f.ial step to think that
the accuracy i our arithmetic is equiv-
alent t~ whe accuracy of our knowledge
about the subject in hand. We suffer
from "'delusions of accuracy.” Once

an enthusiust gets this disease, he and
all who degend on his conclusions are
damned.-—M. J. Moroney, "Facts from
Figures"

Immaturity — whether in tribal develop-
ment, in the human individual, or in a
form of art or science — is character-
ized by an unwillingness to face up to
the complexity of reality, and by an in-
sistence on simplification which degen-
erates on occasion into an escape into
the realms of magic and of fantasy.
-—Retlaski

It may be questioned whether quotations
such as these have any place in a technical bul-
letin devoted to shock and vibrution in the year
1967. Nevertheless, the implications will be
quite obvious to individuals actively engaged in
the "art or science'” of shock testing or vibra-
tion testing. Little is to be lost, and much may
be gained. by considering whether they are
justified.

Our field of work is a difficult and some-
what untidy one, Do we, in fact, tend to turn
our backs on the complexity of the reality and
escape into a world of muke-believe? Are we
exercising mature judgement, or are we play-
ing w'th our numeric bricks, when we argue
whether 0.1 g*/eps is better than 10 g, whether

0-msec pulses of 40 : can be swapped for 50-
msec pulses of 10 g, and whether the specified
aceeleration level should be moaintained to
within 1 percent or 10 percent?

NUMERICAL EQUIVALENCE

Few will deny that we have become some-
what obsessed with purely numerical accuracy
in a field where our basic understanding is
somewhat limited. An analogy from the world
of commerce may help to put the matter in bet-
ter perspective. The development of interna-
tional currencies has made it possi*..- ...~ us to
define a precise numerical equivalen. i:a units
of doliars and rupees) between the reality of a
silc of grain in thr United States and the realitv
of a masterpiece of oriental silverware in
Benares, India. Yet the equivalence is purely
notional. It is in terms of a single concept —
monetary value — which ignores countless other
facets of the two realities. Neither the stomach
of the silversmith nor the aesthetie senses of
the connoisseur would accept the sugpestion
that there was any cquivalence.

In much the same way, the development of
the ubiquitous aceelerometer has eviabled us to
pustulate a numerical equivalence (an units of
) between a Imboratory shock test and a mide
as cargoan the baek of a truck, or between a
vibraton test and a ride in a guided missile.
But apain the equivalence in each case relates
to a single fact of the two realities:  the ae-
celeration of a smgle point in o single dimen-
ston. I we propose to disregard all the other




features which ‘~ntribule to a true equiva-
lence — all those, in fact, to which we cannot
ascribe simple numericai values - is not our
preoccupation with accuracy a little intemperate ?

TIDYING UP THE REALITY

To some of us, the oblique reference to
tribal ritual touches on a raw spot. It has be-
come completely taboo for a test agency to
permit a node to develop at the attachment
points of an airticle undergoing a vibration
test. It is a salutary exercise to look back
and try to discover why.

The thought processes which have led us to
this decigion are quite logical - up to a point.
Our accelerometers have enabled us t¢ measure
the motion at countless locations on countless
articles forming part of countless vibrating sys-
tems. Our wave analyzers and x-y plotters
have presented the information as curv..s of
acceleration amplitude ploited against frequency,
each curve relating tc just one of the myriad
combinations. On each curve, one or two prom-
inent peaks have borne witness to a high level of
acceleration at the frequencies of system 12s0-
nance. On each curve, one or two distinctive
troughs have done their best {0 remind us that,
no matter what point within > flexing structure
we may care to select, there will 2lways be one
or more spot frequencies at which the point will
coincide with 2 motional node. Understandably,
we have found the reality complex and intracta-
ble, even in terms of motion in a single direc -
tion. With a sense of relief, we have recollected
that it is the high levels of acceleration, repre-
sented by the resonant peaks, that cause the
structural failures. So we have concentrated
our atlention on the peaks, and swept the re-
mainder of our hard-won information under the
carpet — out of sight and out of mind.

it row takes no more than a pencil line to
envelop the peaks of as many curves as we may
care to superimpose; we can even rule in an en-
velope ¢ .closing a number oi envelopes. We
are ncw in possession of a number, a simple
unit of international intelligence. With this
number we can indicate the worst level of vi-
bration likely to exist at any point in a variety
of structures under conditions of mechanical
resonance.

At this stage we have, admittedly, tidied up
the reality very extensively. But as long as we
can keep iirmly in mind that the level of accel-
eration indicated by the envelope — the so-called
"envelope level'' — is appropriate solely to anti-
nodal points, i structures which are excited at

their frequencies of mechanical resonance, we
shall be keeping some grip upon reality. But
now we are faced with a further problem: that
of devising a laboratory test to establish whether
an article would survive the kind of environment
defined by the envelope. Is it at t'.is stage that
our grip on reality slackens, and we begin our
retreat into a world of fantasy ?

THE ONSET™ OF AMNESIA

In a {it of absentmindedness, which a psy-
chologist would have no difiruity explaining,
we conveniently "forget’ that our original
curves displayed troughs as well as peaks. We
conveniently forget that for a complete system
even to be capable of resonance there must be
frequencies at which sections of that system
become antiresonant, and nodal behavior is im-
posed at their boundaries. We conveniently
forget that the laws of dynamics know notking
of the existenc~ u1 subassemblies, test articles,
and attachment points, that they are quite obliv-
ious of the boundary lines between the units
into which we subdivide a system for the pur-
poses of contract action or ease of manufacture;
and that they distribute both nodes and cntinodes
throughout a structure as a whole with compiete
disregard for our conventions.

Proiected by our amnesia, we see no illog-
icality in using the envelope level as the accel-
eration test level. We¢ see nothing cnreasonable
in demanding that the test agency generate pre-
cisely that level of vibration at the attachment
points of an artlicle at all frequencies within the
test band. We sce nothing odd in transferring
to a natural nodal point a level of vibration
which we have previously accepted as appropri-
ate only to antinodal puints in a system at reso-
nance. And we are quite content to blume the
designer or the sanufacturer for any failure of
the artlicle to survive such treatment.

UNREALITY AUTOMATED

In retrospect, at is hard to deny that our
approach to these problems has been just a
little odd. Cun we boost our morale by jointing
to all the effort and money we have poured into
the development and introduction of random-
vibration test Lacilities? This work, surely,
has nuide a penune contribution to the realism
of our test methads,  So, too, have owr recent
propusi.ils that shock test be defined in termns of
shock spectra rather than of pulse shape. Un-
happily lor us, any attempt to argue along these
lines involves lifting the edge of our cuarpet 2ad
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being reminded of much that we have preferred
to forget.

The transposition of a single. measured
shock pulse from the time domain to the fre-
quency domain undoubtedly helps us to get a
clearer appreciation of the response which the
shock must have excited in the remainder of the
structure on which it was measured. It also sig-
nificantly increases the precision with which the
severity of one shock pulse can be compared
with the severlty of another. But i the raw data
have alrcady been generalized by means of an
envelope-drawing operation, the increased pre-
cision with which the resulting test shock can be
defined, and (in theory) generated, merely in-
creases the intrinsic unreality of the test. We
are limitirg still further the freedom of the
test article to influence the motion at its attach-
ment points.

Perhaps we owe more than we know to the
rough-and-ready methods of the typical test
laboratory. Perhaps we should be thankful that
it is still possible for them to turn a blind eye
t> the significant discrepancies between the
ahock puise defined in the specification and the
shock pulse they are actually administering.

But the introduction of fully automa*ic
equipment for the control of spectral density
has blocked this loophole during a random-
vibration test. Here, it matters not whether
the response of the article is resonant or anti-
resonant at any particular frequency; the elec-
tronic contrnl system is ever alert to detect
the slightest discrepancy between the medicine
prescribed and the medicine administered. It
carries out its duties conscientiously — and
quite ruthlessly.

THE PRICE OF CONSISTENCY

In trying to justify our actions, we soun
find ourselves in an embarrassing dilemma — a
dietamy, ironieally encugh, which ke Inrgely ol
our own making. We have long poured scoran
upon the poor ignorant fellows who would call
for the wse of B paErLieular 10t mai B ather
than for the g=neration of a specific accclera-
tion waveform, or spectral density. “Therce's
no consistency of test between one test nuchine
and another,’ we have pointed out; "haven't our
accelerometers proved it 7 Haven't we atl heavd
of the manufacturer's product which was ac-
cepted when tested on one machine but rejected
when tested on another? By insisting upou the
generation of precisely the same test waveform
by all test agencies we are at least achicviug
consistency of test."

But dare we use this argument any longer ?
Are we in fact even generating 4 common wave-
form? Could it be that that fuli-bellied rumble
which we hear in our test laboratories is not,
after all, 1 g2/cps plus-or-minus 3 db (pre-
cisely), but is merely a distant echo of the
sardonic mirth of the gods? Are we only now,
in 1967, realizing that it is one thing to put a
tight tolerance upon a mathematical abstraction
{a stroke of the pen will suffice to do that), tut
quite another thing to devise and to install
throughout the land a practical filter system
which will measure the true spectral density at
the bottom of & notch to within even 30 db, bear-
ing in mind that the fatigue life of the test arti-
cle sets a limit to the integrating time we can
tolerate, and that the national purse is not, after
all. bottomless?

K we cannot measure, how can we stand-
ardize? H we cannot standardize, what becomes
of our consistency of test? It would be unkind
to break in upon the stanned silence that has
recently descended upon a certain committee of
experts: a committee that has been attempting
to standardize all our random-vibration tests
and has come face to face with the problem of
spectral density tolerances — and has now done
its homework... .

Looking back, we can -ee so much that we
have sacrificed upon the altar of “consisteacy.”
Time and again, we have been forced to com-
promise with reality — to jettison successive
facets of the truth — by excluding from our test
any physical effect which was not amenable to
numerical definition in the very simplest of
terms. It will be a hitter pill to swallow if we
are forced to admit that the sacrifice has bYeen
in vain — that we have not even aclieved con-
sistency of test.

n

WHOM ARE WE FOOLING?

Nevertheless, the time has come for us to
ask oursclves. quite brutally, wirom we thk
we are [uolisg . We may s looling Uhb par
tomer — (he ultimate user of the article. W
may be {ooling the designer of the articie, or
the moildacRure Wi iy eoso bee Vel il
sclves. Bue we are not sooling the artwle. 1t
knows with complete certainty that the physica?
expericnce of heing mated with the shike tabie
is quite unlike the physical experienes of being
mated to its purent assembly over the years
that fotlow. Its reactions in eich case are per-
fectly appropriate, but quite different.

Au increasing number of skepties, guite
vuimpressed by our skitks 1 jupehae with num
bers, are already beginning to side with the




smal! boy in the fairytale who pointed out that
while the Emperor’s New Clothes might be
clearly visible to the eyes of those mentally
attuned to the requirements of The Establish-
ment, yet they appeared to him to give little
protection to the user. It could well be that the
time is not far off when the distant and derisive
mirth of the pods finds a human echo somewhat
closer at band — and at our expense. Maybe it
is not just by chance that it ic the down-to-
earth marketing organizations which have
cvolved a carton for the safe transport and
handling of the domestic egg — a carton which
fer cheapness. simplicity, and effectiveness is
unequaled by anything in the world of military
packaging.

H, by numerical methods, we have failed to
achieve either realism or consistency of test,
then maybe, just maybe, we ougiit now tu face
up to the fact that in the world of shock and vi-
bration the reality is untidy. is complex, is
incommensurable.

THE INDIRECT APPROACH

Maybe we ought to spend 2 little time und
money reassessing the nossibilities of thuse
test machines whkich our fathers had to use be-
fore the adveut of the accelerometer; th¢ ma-
chines which produced comparable patterns uf
failure rvather than comparable levels of accel-
eration; the machines which, without benefit of
Fourier or Laplace, could yet separate the
sheep from the goats by generating a test envi-
ronment which was every bit as complex, as
untidy, as indescribable as those found in
reality.

A suitably located carrot is all that is
needed to excite a donkey's back into realistic
motion. As a practical test of numerous quali-
ties in riders of all shapes and sizes, the com-
Lination is both simple and effective. Here, as
is often the case, the indirect approach is the
best one. I we would be content to adopt a
similarly indirect approach to our problem of
envircninental testing — guilefully stimulating
nature, rather than using brute force - we
should be far more successful.

Two practical exaniples are described
below. In each case the investment of mouney
and manpower by the author's establishment
has been rclatively trifling, yet each gives
promise of significant returns. It is hoped
that the brief details presented wiil be suffi-
cient to prompt others to explore similar
methods,

THE BOUNCER

The first example concerns what we are
deliberately calling a "bounce’ test. When
articles travel as cargo in the back of a truck,
some are cager to bounce on the floor of the
truck, others are most reluctant to do sc
Some will bounce vigorously upon one of their
sides, but remain relatively guiescent when
turned onto arnother. In determining the punish-
ment they receive, their own dynamic charac-
teristics are quite as important as tkte bkasic
motion of the floor.

As reported elsewhere {1} it can be demon-
strated that the acceleration pulses experienced
by various resiliently packaged articles when
bounced upon a commercial "transportation
sinwlator” correlate very satisfactorily with
the pulses experienced when the selfsame arti-
cles are transported as cargo in a truck travers-
ing a rough track. This particular simulator
("'vouncer") comprises merely a suitably rein-
forced wooden platform mechanically con-
strained to execute a simple form of quasi-
sinuscidal motion at an amplitude ot around1.5g.

But measurement of the motion of a single
pouint in one dimension falls far short of defining
the damage potentiai of either environment. It
tells us nothing of the effecis of intercargo
jostling and hammering, the effects of multi-
layer joading, the spatial distribution of damage
within a package. damage to hermetic seals and
ti» protective finishes, the distortion or unlatch-
ing of clip fasteners, ur the lameatable conse-
quences of including just one chisel-cornered
item in the cargo. Recem work, therefore, has
been oriented toward the correlation of failure
patterns, embracing as many as possible of the
modes of failvre listed above.

The victims have comprised a number of
containers each holding from 15 to 150 damage-
able items. Some of the containers have been
of pressed-steel construction and some have
been of 'wood. Some have provided a degree of
resilient cushioning for their contents, while
others have allowed considerable freedom for
the contents to rattle between unyielding
surfaces.

As regards the contents, an overriding re-
quirement has been that they should be readily
available 1n large numbers, so as to provide a
homogeneous population from which extensive
samples could be drawn at random. Various
torms of pharmaneutical glassware (ampoules,
jars, etc.), domestic light bulbs, and a simple
form of commercial "shock indicator' have
provided items whose mode of failure would be
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catastrophic rather than fatigue induced, Du-
mestic alarm clocks have provided items whuse
deterioration would tend to be progressive
rather than catastrophic.

The results have been both ¢ncouraging and
infuriating.

They have been encnuraging because of the
high confidence levels at which statistically
significant corrclation between the two eaviron-
ments has been demonstrated fur various failure
patterns and various combinations 2f containers,
interior furnishings, and contenis.

The resulte have been infuriating because
of the relentlessness with which each session
on the test track has hammered home afresh the
simple lessons learned the hard way by any
serviceman who has ever found himself a help-
less item of human cargo in the back of a mili-
tary truck: that there is a severe damage gra-
dient along the length of the truck; that the
degree of abrasion of a protective coating is
closely relaterd to the amou:nt of sand and grit
on the fleor; that the various layers of cargo
experience quite different environments; and
that in the final analysis, given a determined
and well-protected driver, a robust and lightly
laden truck, a location near the tailboard, and
the “right'" combination of speed, surface, and
suspension, there is viriually no limit to the
severity of the punishment.

In short, we were approaching the problem
from the wrong end. We were seeking an an-
swer to the wrong question. Prompted by the
natural concern of the potential customer that
the article "survive truck transportation,” we
were asking, "Does the bouncer produce the
same damage, and the same patterns of failure,
as truck transportation?’ — as if the term "trucsk
transportation' had .:eaning.

More realistic questions would have been:
Ie there a definable range of truck environments
for which the patterns of failure correlate ac-
ceptably with those producec by the bouncer ?;
and, Is it une which reasonabie parties to a con-
tract -- producer and user —~ would accept as
being a fzir test ot a well-designed article ?

I both of these questicns can be answered
in the affirmative, there seems little reason for
a bounce test failing to gain wider official accept-
ance. Test results to date suggest that the first
quaestivie Cait b ahswelcd al i aiatively with won-
siderable confidence. The answer to the second
question is a matter of personal judyment: the
aatfior's verdict would te "W wad T pelieves

1hat this view would find widespread acceptan e
if authoritative opiniun were to be cunvassed.

A RANDOM-VIBRATICON TEST

The secund example relates to the devel-
opment of a simple rundom-vibration test ir
form which would make it practicable tou set
reasonable tolerances to the level of spectrol
density. The prototype system has been de-
scribed elsewhere in the literature |2].

The carrot in this case is a1 randomiyv
varymng force whose spectral density hias sume
simple slope (in terms of decibels per octiave?
between defined frequency limits. The foree
spectral density can thus be established with-
out uncertainty by a conventional wave analyzer
and confir.ned by 2n rms measurement.

The donkey is a multiresonant structure
whose resonances are spaced equally at close
intervals of frequency and whose dynamic
characteristics can be reproduced by normai
manuiacturing processes and verified by con-
ventional mobility measurement techniques.
The design is such that the peaks of the mobil-
ity curve lie along an easily defined hine: the
application of a sinusvidal force of unit ampli-
tude generates 2 rang - of resonant peaks to
which a simple envelope ¢an be ascribed.

With random excitation, the combination of
a random force of known spectral texture and
intensity with a structure of known mobility
results in a motion whcse spectral density can
be deduced with an accuracy far greater thun
that achievable by direct measurement with
conventional equipment.

The test thus involves three major depar-
tures from generally accepted practice:

1. The envelope level derived from field
measurements of service envircnments is no
longer used as the test level itself; it provides
a common yardstick for the equating of test
environment und service environment.

2. The article to be tested is no longer
mated tu a surface of infinite meehanical im-
pedance; it is attached to a mechanical foster-
pareat whuse impedance is of the same order
as its own and with which it forms a complete
system capable of natural resonunce under {he
influence of i1 very riwdest foree,

. The dosirc& aaotion is 1o .lunt,,l 1o -
ated dirertly. nor is any attempt made to meas-
ure it directly; it is exciied by the application

Ol d RIIUWIL IUTT L T o Riuwii Stlultulde,




The intriguing feature of the test results to
date has been the remarkable simplicity of colo-
ration of the random force that has sufficed to
reproduce two particular classes of service en-
vironment: that relating to air transport in gen-
eral, as defined by an overall envelope of the
type depicted in a recent review {3}; and that
defined by a more closelv tailored envelope,
such as would normally be derived from a {am-
ily of spectral density curves relating to a spe-
cific missile. As yet the evidence is limited,
and any association of ideas may be quite un-
warranted; but if we recollect that vibration of
aerodynamic origin is merely the outcome of
the. interaction between a flexible structure and
a steady stream of air, it would not be too sur-
prising if the relationship between the required
energy and frequency followed quite a simple law.

SUMMARY

In short, it is suggesied that we have
unknowingly become dissociated from the
realities of our subject and have got caught
up in a circle of activity of considerable in-
tellectual interest but of littie relevance to
Ous main purpose. A conscious effcrt will
be necessary if we are to break out of this
posture, but the rewards for doing so are
considerable.

It may be that this suggestion is un-
warranted. But if so, it is high time that
somebody said so — in print and with evi-
dence in rebuttal.
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INTERNAL VIBRATION OF ELECTRONIC EQUIPMENT
RESULTING FROM ACOUSTIC AND
SHAKER-INDUCED EXCITATION®

Allan D, Houston
l.ockheed Missiles & Space Company
Sunnyvaie, California

The many mission configurations of upper stage boosters developed by ILMSC have require

the design, development, fabrication, and vibration qualification t-sting of many piecss of cicc.
tronic equipment, To improve the methods and criteria for designing and qualifying this cqu.p~
ment, the Research and Development Divisien of [Lockheed Missiles and Space Comipany began
empirical studies of the nature of vibration environments existing within equipment.

The primary objectives of the studies were: {a) to determine whether estamatc ! vibration ru -
sponses within equipment during flight are compatible with vibration test criteria of el ctronig
piece parts; (b) to investigate the validity o1 shaker excitation techniques in simulating flight-
type acoustically induced envirorments; (¢} to evaluate the effectiveness of viscocle-tic fubrie
cation materials in reducing responscs withsn eguipment,

The first phase of the experimental work was a series of reveruerant chamber acou-tic Loste
conducted on a 60-in.-diameter cylindrical airframe containing anternal sapporl -tractare wath
several packages of electronic equipment atiached to it, This cquipment, bavihy o vari iy of
packaging designs, was extensively inctrumented internally and externally with -pecgal micre-
miniature vibration transducers to measurce absolute response of ¢lements within the poackage
and also to obtain transmissibility data between internal and external package cnvirouna nts,
Another package was specially fabricated and tested to compare viscoclastie vibration attenu-
ation materiais with exiszing fabrication materaas,

The secund phase of the experimental work was conducted using shaker excitetion technngia ~
on a number of packages cvaluated during the acoustic test, These packages, in trae nted as
in the acoustic test, were attached to rigic fixtures {as they would normally be inow vibr 1taom
qualification test) and exposed to the random-vibration environments 1measurod .t the mounting
interface during the acoustic test, Reduced and analyzed data from one such te ot 3 prs «ontod,

On the basis of these experiments, it has been determined that: (a) ~hakereinduced vibiration of

cquipment prodiuced responses of elements within equipment from 2to 10 tinic - more =over
than those produced by an acoustically induced excitation when the equipment 1= nstdlod on
launch vehicle structure; (b) environments measured within equpment differ an forao from

those used in qualification tests of electronic piece parts, such as cledtromanns fic o lav-{ ()
sparse use of viicoelastic materials within a package resulted in g 200 to 35 perosnt v doiction
of vibration transmissibilities, as measured between package monnts and internal str ctnr,

The results of this preliminaty work indicate that existing mdustry-wide -habor vibor o te -t

techniques and criteria for both electronic packages and clectronic proce parts voguare car tul

P T p—

reevaluation, and that development of improved package fabrication methoids <hoald continoa, ;

INTRODUCTION many pieces of packaged electronic equipment.
The method currently in use at LMSC, and
The development of many Lockheed Mis- many other companies, for demonstrating that
siles and Space Company (LMSC) upper stage this equipment will survive in-flight environ-
booster configurations has resulted in the de- ments consists of the application of vibration
sign, development, fabrication, and test of eacitation by means of electromugnetic shakers,

“This paper was not presented at the Symposium,
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At LMSC. two types of shaker vibration tests
are conducted on equipment. First, there is
the qualification test, which is applied to a
random saniple from a production batch of
equipment to verify the adequacy of the basic
package design. Levels somewhat in excess of
those expected in flight are used in this test to
allow for the fact that there are variations of
material quality and workmanship standards in
a given batch. The second type of shaker test
conducted at LMSC is the acceptance test,
which is performed solely t¢ detect workman-
ship flaws and faully material on each piece of
equipment to be flown. The test levels used
during acceptance testing are approximately
one half of those used in qualification testing.

Equipment maliunciions have occurred
during both of the above types of test, resulting
in equipment redesign or repair. Lockheed
Missiles and Space Company's Research and
Development Division has embarked upon a
study to define the nature of vibration environ-
nments found within equipment which will mini-
mize failures during qualification and accept-
ance testing while maintaining or increasing
the present high standard of LMSC equipment
flight reliability. The primary objectives of
the study are as follows:

1. To investigate the validity of shaker
excitation techniques in simulating in-flight
acoustically induced vibration environments.
The intent in this phase of the study is to deter-
mine whether shaker tests, as presently con-
ducted, produce overstress conditions beyond
those considered necessary for qualification
purpeses. In other words. LMSC wants to be
sure that flightworthy equipment is not being
rejected because of an overly severe test.

2. Te determine whether the character and
levels of vibration responses existing within
equipment iare eompatible with those applied to
electronie piece parts. such as electromagnetic
relays, during qualification and acceptance test-
ing of these deviees.,

3. To evaluate the effectiveness of limited
use of viscoelustic fabrication materials in re-
ducing responses within cquipment.

This paper presents the data acquired and
the conciusions reached thus far in the continu-
ine effort to improve package design, fabrication,
and test techniques.

I'XFERIMENTAL WORK
Acoustic Tests

The purposes in conducting the acoustic
tests were.

1. To survey the level and characteristies
of vibrations existing within typical electronic
packages when they are attached to large air-
frame structures and exposed to acoustic en-
vironnients similar to in-flight conditions.

2. To obtain data relating vibration levels
at the package external mounting points to the
levels existing within the equipment, in an
acoustic environment. This data would later be
compared with corresponding information
gathered from shiker vibration tests on
packages.

3. To evaluate the effectiveness of sparsely
used viscoelastic damped package fabrication
materials in reducing vibration responses of
electronic piece parts, such as electromagnetic
relays.

The airframe of the acoustic test specimen
was not a portion of an actual booster airframe
but resembled one structurally. It consisted of
4 cylindrical shell 5 ft in diameter and 5 ft in
length, having a skin of 0.04-in. gage aluminum,
which was stiffened by six rings and six longe-
rons. An inner truss structure, used for
equipment support. was attached to the outer
shell at eight locations. Several elcctronic
packages, which have been used in various
programs and which represent a wide variety
of design, were then attached to these truss
members by means of intermediate secondary
structure such as Z-shaped members or suit-
ably stiffened shelves. (Figure 1 shows the
specimen with a particular set of equipment
installed, while Figs. 2 through 5 illustrate the
packaging designs of some of the cquipments
surveyed.) The specimen was then closed off
by a hemispherical plug at one end and an
ogive-shaped plug at the other end, cach con-
taining sound suppression material.

The acoustic tests were performed in a
reverberant chamber (25 ft long. 15 {t wide, and
11 ft high) with excitation provided by two Ling
type 948 4000-w transducers and horns which
exhausted inte a4 common exponential horn.

The horn exhaust was dirccted into a corner of
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the room, producing a reverberant field there,
with the specimen suspended from the ceiling
using "bungee” cord to isolate it from seismic
vibrations existing in the room walls (see
Fig. 6).

The instrumentation for the test consisted of
Endevco type 2220 ané Columbia type 606 mini-
ature vibration transducers weighing 0.042 and
0.028 oz, respectively, which were considered
to have lit{le effect on the dynamic character-
istics of the structures being monitored. Typi-
cal installations of this instrumentation aitached
to package mount points and package interna?
structure are shown in Figs. 2 through 5. Four
microphones were suspended from the chamber
ceiling to monitor the acoustic environment ex-
ternzl to the specimen shell approximately 1 ft
from the shell. Two microphones were in-
stalled within the cylindrical shell to monitor
internal acoustic excitation.

The acoustic environment measured in the
chamber during the test is shown by the octave

band plot in Fig. 7. with the environment meas-
ured within the specimen. Alsc shown in Fig.

7 is the maximum external acoustic level en-
countered by a vehicle during flight which, be-
cause of power limitations of the excitatinn
equipment. it was not possible to achieve during
test.

The experimental package which was built
to cvaluate the effectiveness of viscoelastic
materials consists of a relay support beam and
a circu:i card (Fig. ). This package is not in-
tended to be representative of a superior pack-
age design but is merely a “'test rig" on which
these materials can be evaluated as a means of
reducing vibration responses. An initial test
was conducted with tiie relay support beam
fabricated frum nlain L-section aluminum and
the circuit card from laminated Fiberglas.
Prior to the second test run, viscoelastic
damped L-shaped beams were substituted for
the plain aluminum beams used in the first test,
and a viscoelastic damped card was substituted
for the Fiberglas card.

Fig. 1. Acoustic test specimen with package s anstallvd
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Fig. 2. Instrumentation within package 1
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Fig. 4. instrumentation within package 3
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Fig. 6. Specimen installed in reverberant chamber
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Fig. 7.

Acoustic excitations occurring during flight
at launch and at transonic and supersonic Mach
numbers differ in character from those present
in a reverberant chamber. For example, time
and spatial correlations of these various fields
differ: the extent of these differences is being
inves~igated by LMSC and other organizations.
However, since the specimen airframe and the
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package samples are essentially flight hard-
ware and since the fundamental mechanism
whereby vibrations are acoustically induced in
the outer saell and transmitted to packages, the
dala acquired from this test are considered te
be worthy of evaluation.

Shaker Vibration Tests

The principal objective of these tests is to
compare shaker-induced internal responses of
electronic packages with those measured during
the acoustic test. In this manner, the validity
of the shaker test as a nieans of simulatirg
in-flight acoustically induced environments can
be examined. Also, further testing was con-
ducted on the experimental package to evaluate
the effectiveness of the viscoelastic materials.

Package samples used during the acoustic
test were attached to rigid fixtur2s (having no
resonances below 2000 ¢ps) as they normally
are during qualification and acceptance testing
at LMSC. Excitation control accelerometers
were placed on the fixture at locations corre-
sponding to those where vibration measurements
were made during the acoustic test. The in-
strumentation installations vsithin the packages
were identical to those used during the acoustic
tests. The (cst setup for the shaker tests on
one sample of equipment is shown in Fig. 9.
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Fig, 9. installation of package on shaker

The excitation applied to the packages by
the shaker was controlled using a tape-recorded
loop of vibrations measured on the packaged
foundation structure during the acoustic test.
The loop was played into the shaker power am-
plifier system and the amplifier setting ad-
justed until the overall rms g level achieved
was the same as that measured during the
acoustic test. In this way, PSD's of vibration
applied to the equipment during shaker testing
were made essentially the same as those of
vibrations measured during the acoustic test.
Sinusoidal sweep tests were performed on the
experimental package used to evaluate the
viscoelastic materials; the tests were conducted
on both the plain sheet metal and damped con-
figurations using a level of :3 ¢ from 20 to
2000 cps.

TEST RESULTS
Vibration Environment Within Packages

The data obtained from the acoustic test
revealed that the vibration environment present
within the packages surveyed consisted gener-
ally of low-level background random vibration,
with superimposed concentrations ("'spikes”)
of narrow-band random vibration, as shown by
the typical PSD plot in Fig. 10.
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As indicated in the discussion of the acous-
tic tests, it was not possible to achieve excita-
tion levels within the reverberant chamber
comparable to those which ¢xist external to
LMSC vehicles during their worst missions.
Therefore, it was necessary to adjust the vi-
bration levels measured within the equipment
in accordance with the difference between
acoustic test and maximum flight environment.
This was done by assuming a linear relationship
between mean square SPL and mean square
vibration levels. Figure 11 is the PSD plot of
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the above typical vibration 1neasurement, ob-
tained during the acoustic test, projected to
maximum flight conditions. Special interest is
attached to the rms g level present in the ccr-
centrations (spikes) of narrow-band random
vibrations which appeared in all internal pack-
age vibration measurements; Table 1 summa-
rizes the signiflicant rms g levels measured
which have been adjusted to maximum antici-
pated flight levels.

Vibration qualification and acceptance test-

ing of many electronic piece parts, such as
relays, transistors, diodes, etc., consist of

either a sinusoidal sweep test or a random-
vibration test using an essentially flat spectrum.
For example. a typical specification for an
electromagnetic relay calls for either a 30-g¢
sinusoidal sweep test from 20 to 3000 cps or a
random-vibration test defined by the spectrum
shape 0.2 g7 cps (20 - 400 cps) and 9.4 g ? cps
(400 - 2000 cps).

On the basis of the appearance and levels
of vibration ubserved during the acoustic test
survey. it ;s apparent that the above specifica-
tion is inconsistent with the snvironment to
which electronic piece part components are
exposed. The essentially flat broad-band
random-vibration specification is not severe
enough, considering that a severe narrow-band
excitation, such as that measured during the
acoustic tests, may coin- ide with a critical
frequency within an electronic piece part. By
contrast, the sinusoidal sweep test appears to
be much too severe in comparing the damage
petential of a 30-g sinusoidal excitation with,
say, 55 g rms of random-vibration excitation.
the maximum level measured during the acous-
tic test. (The 30-g sinusoidal test has the abil-
ity to build up full resonant amplification in an
element of a component, whereas narrow-band
random excitation. usiag the levels measured.
does not.)

A more realistic method for qualification -
and acceptance testing of piece parts. which is

TABLE 1
Significant rms g Levels Observed Within Equipment
Levels Contained in PSD Spikes
(rms g)
Package Measurcment .
. Maximum

Measured in . '
Acoustic Test Tacie el ‘
Flight Levels

1 36 9 (450 - 500 cps) 30

1 35 10 (250 - 300 cps) 26
1 35 2.5 (750 ~ 800 cps) 8.5 1
2 27 10.5 (500 - 550 cps) 35 |
2 25 6.5 (350 - 409 cps) 22
3 12 15 (300 - 4C0 cps) 34 i
3 13 17 (600 - 750 cps) 55 |
3 13 4 (950 - 1050 cps) 15 |
3 8 4.2 (650 - 750 cps) 14 |
3 11 4.2 (650 - 800 cps) 14 ,
4 32 7.5 (350 - 500 cps) 25 ’
4 30 10 (750 - 850 cps) 32 1.
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within state of the art, would be the app:ication
of sweeping narrow-band random excitation.
The nature and level of such a test is beyond
the scope of this paper and requires further
investigation.

Package Shaker Test

As previously discussed, the vibrations
applied to a package by the shaker were con-
trolled in such a way that the PSD of the vibra-
tion present at the package-fixture interface
was essentially the same as the PSD of vibra-
tion measured on foundation structure of that
package during the acoustic test. Power spec-
tral density plots were then processed from
vibration measurements obtained within the
package from both the shaker test and the
acoustic test. Curves of transfer functions,

H( ), were then plotted relating vibrations ex-
isting at a package mount point to vibrations
present within the package. H( ) is given by:

where -, is the PSD of vibration measured
within the package and -_ is the PSD of the vi-
bration measured at the package external mount
point.

Two typical curves, obtained from shaker
tests on package 2, are shown in Fig. 12, It is
seen that the shaker tests induce responses on
structures and electronic components within
the package significantly higher than those in-
duced by the acoustic test. The value of H(.)
for the shaker test at 350 cps, the resonant
frequency of the beam structure upon which tae
measurement was made, is in one case 4 times
more severe and in another case 10 times

more severe than corresponding values obtained

from the acoustic tests. At the higher fre-
quencies, the differences in the ability of the
two types of test to do damage becomes larger,
and at 1200 cps, the resonant frequency of a
relay on its local mount, the value of H(.) for
shaker test is 40 to 100 tinies more severe
than in the acoustic test.

The relative severity of the two types of
test, in terms of induced stresses, will be ap-
proximately proportional to the square root of
H(:). The refore, this package was subjected to
stress levels at 350 ¢ps during shaker testing
from 2.0 to 3.3 times more severe than during
the acoustic testing; at 1200 cps the relative
severity of the two tests varied from 6.3 to 10
times.
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Fig. 12. Transfer functions H( . ) for
package 2 measured in acoustic and
shaker tests

Lockheed is continuing analysis of data ob-
tained from similar shaker tests conducted on
other packages to verify whether the data trends
uncovered during tests on this one package ap-
plied generally to all packages. It will also
investigate the reasons for the differences be-
tween the two types of test, believed to be prin-
cipally that vibrations at all package mounting
points are more closely correlated than in an
acoustically induced environment.

The investigation performed thus far, and
other considerations which are beyond the scope
of this paper, has led LMSC to believe that the
preferable test for formal qualification and
final acceptance testing of packages is an
acoustic test conducted on the entire vehicle
system. In this way, the needless rejection of
flightworthy hardware because of overtest
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during shaker qualification can be irinimized.
Even more important, acoustic tests performed
on a vehicle system as an acceptance test of all
vehicles to be flown will minimize the danger
of shortening service life of the package and
provide for better simulation of {light condi-
tions. Lockheed is presently constructing large
acoustic facilities, capable of performing both
qualification and acceptance testing of complete
vehicle systems.

Evaluation of Viscnelastic Materials

The results of limited acoustic and shaker
tests conducted on the experimental package
reveal that very sparse use of viscoelastic
materials can reduce peak responses within
packages by 20 to 35 percent. Figure 13 pre-
sents acoustic test data which compare the
PSD of a typical vibration measurement on the
relay shelf, fabricated from sheet metal, with
the corresponding measurement on the shelf
fabricated from viscoelastic damped materials;
the overall rms g is reduced from 35to 27 g
rms. Similar results were obtained during the
sinusoidal shaker test on the experimental
package, as shown in Table 2, which compares

resonam ampiification (Q) values of the internal
structures for the sheet metal and viscoelastic
damped corfigurations.

It was hoped that limited use of viscoelastic
materials would substantially reduce environ-
ments to which electronic piece parts are ex-
posed. The results obtained so far indicate
that the response reductions achieved were far
below the values being sought to justify pro-
curement and qualification of these materials
at this time. More liberal use of these mate-
rials within a given package will likely produce
more encouraging results, since this will re-
duce the large reson2nt ammlifications of
structures within the package which have not
been treated with these materials. The reso-
nances of structures adjacent to the viscoelastic
damped structures tested are believed tn be the
reason fo1 the disappointing results in this se-
ries of tests. More libera! use of these mate-
rials results in a weight penalty since stiffness/
weight ratios of these materials are smaller
than for cnnventional structures. This factor
will have to be weighed against the reduction of
responses achieved and the rates of package
failure, when more realistic package tes. ‘e~
quirements are implemented.
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TABLE 2

Results of Evaluation of Viscoelastic Materials Using Shaker

Q Values (Amplification at Resonance)

Configuration Relay Shclf Circuit Card
Meas. Mess. Meas. Meas. Meas.
1 2 3 5 4
Sheet nietal structures 35 37 40 20 50
Viscoelastic damped 25 28 26 15 40
structures
Percent reduction 35 25 35 25 20

CONCLUSIONS AND SUMMARY

The results of a survey of vibration envi-
ronments existing within electronic packages
reveal that the character of that environment is
inconsistent with commonly used piece-part
qualificatior and acceptance test criteria. It is
proposed that a new method for testing such
components, worthy of investigation, is the use
of a sweeping narrow-band random test, which
is within state of the art and existing facility
capability.

The internal response characteristics of
components within a package cbtained during
shaker testing were compared with correspond-
ing responses measured within the package in-
stalled on the airframe, which was exposed to
a flight-like acoustic environment. The results
indicated that the shaker test induced responses
within the package that were from 2 to 10 times
more severe than the acoustic test. It is pro-
posed that realistic qualification and final ac-
ceptance testing of packages be conducted on an

20

airframe with an acoustic environment applied.
This will minimize the possibility of rejection
of flightworthy hardware because of overtest.

Evaluation of sparsely used viscoelastic
materiuls in package internal beam structures
and circuit cards, 4s a means of reducing in-
ternal vibration responses, reveals that reduc-
tions are not enough to justify procurement and
qualification of these materials at this time,
More liberal use of the materials throughout a
package will be investigated with respect to in-
herent weight penalty, current package failure
rate, and reduction of responses achieved.
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RANDOM-VIBRATION RESPONSE DATA FOR
ORBITING GEOPHYSICAL OBSERVATORY:
FLIGHT, ACOUSTIC, AND VIBRATION TEST

#illiam G, Elsen
NASA Go idard Space Flight Cerier
Gienbelt, Maryland

e

Random-vibration response data for the Orbiting Geophysical Observatory are | resently avail-
able from three sources: launch phase ¢f flight spacecraft, acoustic test, «nd random-
vibration test, A study was made to determine how well ground tests {acoustic and vibration)
can duplicate the actual flight rindom environment, and how well a random-vibration test can
simulate an acoustic test., Results of this study are presented,

Comparison of flight response and acnusti- test response indicates that below 300 Hz the
acoustic test was conservative, This diffe’ ace is parnially explained by ti.e fact that the
acoustic test levels in the low-frequency bands were higher than desired, and probably re-
sulted from ground reilection of the longer wavelengihs associated with the low-{requency
acoustic energy., However, above 300 Hz th data show that the acoustic test was @ reasonibic
approximation of the flight environment. Th. data were digitized ard 4 small computer pro-
gram was developed to compare the two test vesponses. The program produced plots of . ver-
age PSD vs frequency per axis, and plots of cverage PSD vs frequency for ail three axes to-
gether. for both acoustic and vibrution data, Standard deviations of these avirrages are also
pletted on the same graphs,

Comparison of the average response levels in he laterai axes shows that the vibration test
seems to do a fairly good job of simulating the tcoustic test except below 50 Hz, where the
acoustic test response was excessiveiy high because of ground reflection In the lonpitidinal
axis, the vibration test response was much highdr than the acoustic test rosponse between 50
and 700 Hz. Th:s result 1s probably caused by the fact that the modes of vibration in the fongi-
tudinal axis are at higher frequencies than the lateral modes and therviore the amonet ot isol -
tion is less.

Conclusions are as follows:

t. An acoustic tvst can produce a good duplication of the flight envirenment 1f the basto inpat
acoustic spectrum is modified to compensate for facility pecuhiaritie s and anreali-tic bo amdary
| conditions.

2, A random-vibration test can be a fairiy good simuiatior of an acostic test, Howe verr, the v
are other drawbacks of a4 vibration test: encrgy transnus<sion | :ths are unreali-tic; energy o

introduced into the spacecraft only one axis at o time; and to get o ~affrcrontly hagh level of vie
hration into many parts of the spacecraft, it 1~ necessary to mput a4 cotside rable ononnt of ene
vrgy at the base of the spacecraft,

I Therefore, an acoustic test is still the best suntilitron of the randomsvibration portion of the
thght environment and should be performed whe re pos<ibic instead of 4 randomeavibration 1o <t,

INTRODUCTION Launch dati are aveilable trom two OGO
launches (0GO-A and OGO-C) and include

Random-vibration response data for the mean squared acceleration density plots (or

Orbiting Geophysical Observatory (OGO) space- power spectrdal denstty. PSD) Irom both the

craft are presently available from three sources: 1titoft portion and the muaxtntum dynsemic pres-

launch phase of flight spacecraft, acoustic test, sure portion (max Q) of thight. The acoustic

and vibration test, test datit (also in the form ol PED plots) come
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from the acoustic test of the OGO structural
mode! spacecraft conducted at the Langley
Research Center. Hampton. Virginia. The vi-
bration test data {PSD plots) originate from a
well-instrumented random-vibration test of the
OGO prototype spacecraft conducted at TRW
Systems Group, Redondo Beach. California.

The existence ¢f these data provided an
excellent opportunity for a comparison study.
This study attempts to determine how well
ground tests (acoustic and vibration) can dupli-
cate the actual flight random ervironment and
how well a random-vibration test can sinwlate
an acoustic test. The results of this study are
presented here.

SOURCES OF DATA

The flight data for this study were obtained
from the launches of OGO-A and OGO-C. Each
of these spacecraft had two accelerometers
mounted on the spacecrait-Agena adapter (in-
terstage) just underneath the separation plane.
In each case one of the accelerometers was
oriented to measure longitudinal acceleration
(spacecraft y axis) and the other to measure

lateral acceleration (spacecraft z axis)(Fig. 1).

The data from these accelerometers were
telemetered to ground receivers during the
powered portion of flight and recorded on tape
as an acceleration time history. From this
tape, tape loops were made from the liftoff
portion and the maximum dynamic pressure

max Q porticon of flight. Then a plot of PSD
vs frequency was obtained by analysis from
each tape loop.

The accustic data used for this study came
from an acoustic test of the OGO structural
model spacecraft conducted at Langley Research
Center [1]. This test was well instrumented,
with 41 accelerometers mounted throughout the
entire spacecraft at the following locations for
each of the x, y, and z axes:

Bottom corner of spacecraft box
Top corner of spacecraft box
Solar array — hinge top corner

Upper +Z experiment panel

Lower +Z experiment pane} | Body-
pe pa mounted

Upper -Z experiment panel | experiments
ruwer -Z experiment panel )

Base of orbital plane experiment package

1 box
9. Base of experiment package\

(EP) 1 box
10. Base of EP-2 box
11. Base of EP-3 box LE oL

> mounted

12. Base of EP-4 box experiments
13. Base of EP-5 box
14. Base of EP-6 box (x and z

axes only) J

Fig. 1. Orbiting Geophysical Observatory spaces raft




The test subjected the OGO structurai model
spacecraft to a simulaied lavnch acoustic en-
vironment which was generated by the exhaust
of the Langley 9 by 6 ft thermal structures wind
tunnel. Output signals from the accelerometers
(responses) were recorded on magnetic tape.
Tape loops from these data were analyzed in
the Data Analysis Laboratory. and PSD vs fre-
quency plots were generated.

The vibration response data used for this
study were obtained from a random-vibration
qualification test of the OGO prototype space-
craft conducted at TRW Systems Group. This
test was instrumeuted with accelerometers
mounted in the same locations as those for the
acoustic test. The random response was re-
corded on magnetic tape from which ape loops
were made, and PSD vs frequency plots were
generated.

COMPARISON OF DATA

Some general treads can be seen from
looking at the PSD plots of flight response and
acoustic test response (Figs. 2 through §). Be-
low about 400 Hz, the response at the liftoff
portion of flight is greater than the response at
the max Q portion of flight. Above 400 Hz. the
reverse is true: max Q response is greater
than liftoff 2sponse. Below about 300 Hz, the
response .aring the acoustic test is consider-
ably greater than the response during flight
excitation. Above 300 Hz, there is good agree-
ment between acoustic test response and the
liftoff portion of flight response. However.
above 300 Hz. the respc:. ;e during the max Q
portion of flight is slightly greater than the
response during acoustic test. Table 1 gives a
comparison of the overall spectrum levels at
the bottom corner of the spacecraft box.
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TABLE 1
Overali Spectrum Levels: Flight and Acoustic Test
r - o = - T PT eme Smems A e e m———)
I Levels (rms g)
Axis of o Flight Liftoff ' Flight max '@ |
Measurement Acoustic _ i |
Test I T | R
0GO-A | 0OGO-C | 0OGO-A | OGC-U
e A — =m0 o 0o ocie—)
e IS TOEY PP SR RPER
z (lateral) 2.2 1.1 E 1.6 T 2.1 | 2.2
y (longitucinal) 1.1 L2 15w l 2.2
k| =i e [ B O e S
Bottom corner of spacecraft box,

Responses plotted in Firs. 2 through 5 in- A comparison ol the vibration test level
dicate that below 300 Hz the acoustic test was with the acoustic test response at the bottom
conservative in comparison to the actual flight corner of the spacecraft box (Figs. 6. 7. 8)
environment. This difference is partially ex- shows that the vibratioa level is much more
plained by the fact that the acoustic test levels severe than the aroustically induced level,
in the low-frequency bands were higher than This linding is attributed to the lact that this
desired |1). and probably resalted from ground point. near the adapter-spacecrait interface
reflection of the longer wavelengths associated (separation plane). was the control point lor the
with the low-frequency acoustic energy. How- vibration test, and the spectrum in the ligures
ever, above 300 Hz the data show that the 1% the actual input,
acoustic test was a reasonable approximation
of the flight environment.
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The acoustic test response data and the
random-vibration test response data for the 41
ineasurement points on the spacecraft were
plotted on common coordinates for ccmparison.
In examining these data. it was difficult to form
an opinion as to how the acoustic and vibration
responses compare since there is so much var-
iance between points on the spacecraft. In an
atiempt to clarify this area of comparison. it
was decided to digitize the data and obtain av-
erage PSD levels vs frequency. Therefore, all
the analog plots of PSD vs frequency from the
prototype spacecraft random-vibration test and
the structural model spacecraft acoustic test
were converted to tables of Jigital data. This
was done by choosing 48 frequency points in the
test band between 10 and 2000 Hz and listing
the PSD level at each frequency. These data
were entered into punch cards for use in a dig-
ital computer program. The data cards were
read ard processed on the CDC 3100 computes.
Plot tapes generated by this computer are
plotted on the 165 Calcomp digital incremental
plotter by a smaller comgputer, the CDC 160-A.

The computer program was set up to pro-
vide scveral types of plotted data: plots of av-
erage PSD vs {requency for each axis and plots
of average PSD vs frequency for all three axes
together, for both acoustic and vibration data.
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Standard deviation of these averages has also
heen plotted on the same graphs by plotting the
average plus the standard deviaticn and the av-
erage minus the standard deviation (see Figs.
9 through 20).

Figures 21. 22, and 23 present comparisons
of the acoustic test average PSD curve and the
vibration test average PSD curve for each of
the three axes of measurement (x. z. y). Fig-
ure 24 presents a comparison of the acoustic
test average PSD curve and the vibration test
average PSD curve for all measurements
(three axes).

It should be noted that the random-vibration
test responses presented here were obtained
from a qualification level vibration test which
was intended to be more severe than ilight lev-
els (50 percent greater overall level and 125
percent greater acceleration density levels).
Therefore, in order te compare them with the
acoustic test responses which were produced
by a simulated launch environment. the vibra-
tion response curves (PSD levels) in Figs. 21
through 24 have been corrected by reducing the
measured values by a factor of 4 9. The shaded
area on these four figures denotes the :3-db
tolerance allowed by specification in random-
vibration testing [2].
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